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We studied the transmittance and reflectance of the low-dimensional Mott-Hubbard insulator
TiOCl in the infrared and visible frequency range as a function of pressure. The strong suppression
of the transmittance and the abrupt increase of the near-infrared reflectance above 12 GPa suggest
a pressure-induced insulator-to-metal transition. The pressure-dependent frequency shifts of the
orbital excitations, as well as the pressure dependences of the charge gap and the spectral weight of
the optical conductivity above the phase transition are presented.
Low-dimensional titanium-oxychloride, TiOCl, is un-
der discussion recently as a spin-Peierls system with puz-
zling properties, like for example the occurrence of two
successive phase transitions.1,2,3,4 The first-order phase
transition at Tc1=67 K was attributed to a spin-Peierls
transition with a dimerization of the chains of Ti atoms
along the b axis.5 The nature of the second-order phase
transition at Tc2=91 K is still under discussion; a transi-
tion to an incommensurate spin-Peierls state below Tc2
with a subsequent lock-in transition to a commensurate
dimerized state below Tc1 was proposed,
6,7,8 but also
strong orbital fluctuations with a near degeneracy of the
lowest-lying orbitals were considered.2,3,4,9,10
The importance of the orbital degree of freedom in
TiOCl was recently addressed by polarization-dependent
transmission measurements in the infrared and visible
frequency range.6,11 In the transmittance spectra absorp-
tion features were observed at 0.6-0.7 eV for E||a and
at 1.3-1.6 eV for E||b, which were interpreted in terms
of excitations between the crystal field-split Ti 3d en-
ergy levels. According to these results, the orbital degree
of freedom is quenched due to a significant crystal field
splitting of the t2g orbitals. It was therefore concluded
that the interesting physics of TiOCl can be entirely ex-
plained by the interplay of the lattice and spin degrees
of freedom.6,11
TiOCl is a Mott-Hubbard insulator: Each Ti 3d shell
is occupied by one electron, and due to electronic corre-
lations these charge carriers are localized on-site. How-
ever, the carrier localization effects should be relatively
weak because of the high nearest-neighbor exchange
coupling.1,3 It was even suggested that TiOCl is close
to an insulator-to-metal transition.1,12,13 This makes the
material an interesting candidate for doping, leading to a
metallic and possibly superconducting state,1,13 like, for
example, observed in low-dimensional β-Na0.33V2O5 un-
der pressure.14 Unfortunately, up to now doping of TiOCl
could not be achieved.
Instead of such a bandfilling control of the insulator-to-
metal transition one can control the width of the energy
bands close to the Fermi energy.15 This can be accom-
plished by applying high external pressure. We followed
this route in our study whose results we present here.
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FIG. 1: (Color online) Geometry for high-pressure (a) trans-
mittance and (b) reflectance measurements of the sample in
the diamond anvil cell.
In our optical experiments on TiOCl we applied quasi-
hydrostatic pressures up to 16 GPa, and indeed found
large pressure-induced changes in the optical response: a
strong suppression of the transmittance in the infrared
and visible range and a change of the sample color from
red to black. In addition, the near-infrared reflectance
abruptly increases at around 12 GPa. These findings
suggest the occurrence of a pressure-induced insulator-
to-metal transition at 12 GPa.
The crystal structure of TiOCl consists of strongly
distorted [TiO4Cl2] octahedra.
16 A different view of the
structure is that of buckled Ti-O bilayers parallel to the
ab-plane and separated by Cl ions. Single crystals of Ti-
OCl were synthesized by chemical vapor transport from
TiCl3 and TiO2.
16 The crystal quality was validated by
x-ray diffraction, specific heat, and magnetic susceptibil-
ity measurements.
A diamond anvil cell (DAC) was used for the gen-
eration of pressures up to 16 GPa. Finely ground CsI
powder was chosen as quasi-hydrostatic pressure trans-
mitting medium. For each transmittance and reflectance
measurement a small piece (about 80 µm × 80 µm) was
cut from single crystals with a thickness of ≤5 µm and
placed in the hole of a steel gasket. The pressure was
determined by the ruby luminescence method.17
Pressure-dependent transmittance and reflectance
experiments were conducted at room temperature using a
Bruker IFS 66v/S FT-IR spectrometer with an infrared
microscope (Bruker IRscope II). The reproducibility of
the results was ensured by several experimental runs on
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FIG. 2: (Color online) Room-temperature transmittance
T (ω)=Is−CsI(ω)/ICsI(ω) (see text for definitions) of TiOCl
as a function of pressure for the polarization (a) E||a and (b)
E||b. The lower graphs show the corresponding absorbance
A=log10(1/T ) as a function of pressure for (c) E||a and (d)
E||b. The numbers indicate the applied pressures in GPa.
different pieces of eight crystals. For all measurements
the sample was in direct contact with the diamond anvil
on the upper side of the DAC, facing the incoming beam
(see measurement geometry illustrated in Fig. 1). In all
other directions the sample was surrounded by the pres-
sure transmitting medium.
The pressure-dependent transmittance was studied in
a wide frequency range (2000 - 22000 cm−1) for the po-
larization directions E||a, b. We measured the intensity
Is−CsI(ω) of the radiation transmitting the sample [see
Fig. 1(a)]; as reference, for each pressure we focused the
incident radiation spot on the empty space in the gas-
ket hole next to the sample and obtained the transmit-
ted intensity ICsI(ω). The ratio T (ω)=Is−CsI(ω)/ICsI(ω)
is a measure of the transmittance of the sample, and
the corresponding absorbance is calculated according to
A=log10(1/T ); A is a measure of the optical conductivity.
Pressure-dependent reflectance measurements were
carried out in the frequency range 2000 - 11000 cm−1
for E||a, b. Reflectance spectra, Rs−d, of the sample
with respect to diamond were obtained by measuring
the intensity Is−dia(ω) reflected at the interface between
the sample and the diamond anvil [see Fig. 1(b)]. As
reference, the intensity Idia(ω) reflected from the in-
ner diamond-air interface of the empty DAC was used.
The reflectance spectra were calculated according to
Rs−d(ω) = Rdia · Is−dia(ω)/Idia(ω), where Rdia was esti-
mated from the refractive index of diamond ndia to 0.167
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FIG. 3: Pressure-dependent positions of the orbital excita-
tions of TiOCl, shifting to higher frequencies with increasing
pressure, for (a) E||a and (b) E||b. Different symbols corre-
spond to different measurements.
and assumed to be independent of pressure.18,19
The pressure-dependent transmittance and absorbance
spectra of TiOCl for pressures up to 13.9 GPa are shown
in Fig. 2; above 13.9 GPa the transmitted signal is zero.
For the lowest applied pressure pronounced absorption
features are observed at around 5300 cm−1 (0.66 eV) and
12300 cm−1 (1.53 eV) in the E||a and E||b absorbance
spectra, respectively [Figs. 2(c) and 2(d)]. The two ab-
sorption features can be attributed to excitations be-
tween the Ti 3d energy levels whose degeneracy is lifted
by the crystal field.6,11 Since our transmittance measure-
ments were carried out on very thin samples (thickness
≤5 µm), we could determine the precise positions and
shapes of the two orbital excitations. Both absorption
peaks are symmetric and can be described by a Gaus-
sian lineshape. (For fitting the orbital excitation around
12300 cm−1, an exponential function describing the Ur-
bach tail of the charge gap20 was taken into account.)
The broadening resulting in a Gaussian profile is ascribed
to vibrational excitations accompanying the electronic
transitions.21
With increasing pressure the orbital excitations
broaden and continuously shift to higher frequencies with
increasing pressure (see Fig. 3). The frequency shifts in-
dicate an increasing crystal field splitting of the Ti 3d
levels, which is most probably due to pressure-induced
changes of the crystal structure, like modifications of the
strong distortions of the [TiO4Cl2] octahedra. However,
due to the lack of crystal structure data under pressure
we can only speculate on this issue.
The steep rise of the absorbance above 16000 cm−1
(≈2 eV) at lowest pressure [see Figs. 2 (c) and (d)] can
be attributed to excitations across the charge gap.6,11
We estimated the charge gap, ∆˜, by a linear extrapola-
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FIG. 4: (a) Charge gap ∆˜ (see text for definition) as a function
of pressure for E||a (full symbols) and E||b (open symbols).
The full line indicates a linear fit to the data; the dashed line
is a guide to the eye. (b) Pressure dependence of the spec-
tral weight of the optical conductivity above the insulator-to-
metal transition. Full and open symbols correspond to E||a
and E||b, respectively. The same symbols indicate results
from the same experimental run. Dashed lines are guides to
the eye.
tion (not shown) of the steep absorption edge . Starting
from the lowest applied pressure, ∆˜ initially exhibits a
small linear decrease of about 240 cm−1/GPa [see Fig.
4(a)]. However, above 8 GPa the absorption edge rapidly
shifts to lower frequencies (see also Fig. 2), indicating the
abrupt closure of the charge gap. Above ≈12 GPa the
E||a, b transmittance is suppressed over the whole studied
frequency range, and the overall absorbance is strongly
enhanced at these high pressures (Fig. 2).
Associated with the rapid reduction of the charge gap
is a change of the sample color. Fig. 5 depicts the view
on the sample inside the DAC at different pressures: At
ambient pressure the sample appears red, since only in-
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10.0 GPa 15.0 GPa 5.0 GPa 
(release)
0.8 GPa 
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FIG. 5: (Color online) View inside the diamond anvil cell dur-
ing the pressure-dependent optical measurements. With in-
creasing pressure the sample color changes from red to black.
Upon pressure release the sample does not completely recover
its original color.
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FIG. 6: (Color online) Room-temperature reflectance spectra
Rs−d(ω) as a function of pressure for the polarization (a) E||a
and (b) E||b. The lower graphs show the corresponding real
part σ1(ω) of the optical conductivity obtained by fitting of
the Rs−d(ω) data with the Drude-Lorentz model for (c) E||a
and (d) E||b. Arrows indicate the changes with increasing
pressure.
cident radiation with frequencies below the charge gap
(≈2 eV) is transmitted. Due to the strong suppression
of the transmittance above ≈9 GPa, the sample color
changes from red to black. Upon pressure release the
sample does not completely recover its original color, as
illustrated by some parts of the sample remaining black.
It thus seems that the pressure-induced reduction of the
charge gap is not reversible, at least in parts of the sam-
ple.
Since TiOCl becomes opaque for pressures above
≈12 GPa, we completed our spectroscopic study with
pressure-dependent reflectance measurements in the
near-infrared range for E||a, b [see Figs. 6(a) and (b)].22
For pressures below 12 GPa the reflectance Rs−d(ω) is
very low (about 3%); it cannot be correctly analyzed due
to partial transparency of the sample, and will there-
fore not be considered. At around 12 GPa, Rs−d(ω)
abruptly increases in the whole studied frequency range
for both polarization directions. We ascribe this abrupt
increase to additional excitations in the infrared range
induced for pressures above 12 GPa. In order to deter-
mine their contribution to the optical conductivity of the
sample, we fitted the reflectance spectra with the Drude-
Lorentz model,23 as demonstrated in Ref. 24. The ad-
ditional excitations were described by a Drude term and
two Lorentz oscillators, associated with a mid-infrared
peak. The appearance of these additional absorption
4features is expected for a filling-controlled or thermally
induced Mott transition15,25 and was recently also ob-
served in the course of a bandwidth-controlled insulator-
to-metal transition,26 like in the present study. The real
part σ1(ω) of the optical conductivity obtained from the
fitting is shown in Figs. 6(c) and (d). One clearly ob-
serves the rapid onset of a broad mid-infrared absorption
band above 12 GPa for both polarizations.
To obtain a measure of the spectral weight of the
pressure-induced excitations, we integrated the real part
σ1(ω) of the optical conductivity between 3000 and
10000 cm−1. Fig. 4(b) shows the so-obtained spec-
tral weight as a function of pressure above 12 GPa
for both polarizations. It increases approximately lin-
early with increasing pressure and appears to saturate
above ≈15 GPa. Together with the concomitant abrupt
closure of the charge gap at around 12 GPa [see Fig.
4(a)], this demonstrates the transition-like character of
the pressure-induced changes in the optical response.
The exact determination of the spectral weight trans-
fer from the charge gap excitations to the Drude term
and mid-infrared peak requires pressure-dependent re-
flectance data over a broader frequency range; this will
be the subject of a future study.
In conclusion, we studied the pressure dependence
of the optical response of low-dimensional insulating
TiOCl in the infrared and visible frequency range at
room temperature. The orbital excitations located at
ambient pressure at around 0.66 and 1.53 eV for the
polarizations E||a and E||b, respectively, broaden and
shift to higher frequencies with increasing pressure. The
pressure-induced frequency shifts indicate an increasing
crystal field splitting of the Ti 3d energy levels suggestive
for crystal structure changes. Both orbital absorption
features are symmetric and have a Gaussian lineshape.
With increasing pressure, a strong suppression of the
transmittance in the infrared and visible energy range
and a change of the sample color are observed. We
attribute these effects to a rapid reduction of the charge
gap. At ≈12 GPa the near-infrared reflectance spectra
for both studied polarizations abruptly increase. This
is attributed to additional excitations in the infrared
frequency range, which can be described by a Drude
term and a mid-infrared absorption band. All these
findings suggest a pressure-induced insulator-to-metal
transition in TiOCl at around 12 GPa.
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